A low thermal impact annealing process for SiO2-embedded Si nanocrystals with optimized interface quality
Photoluminescence measurements were used to investigate the effect of atomic and molecular hydrogen on the passivation of Si nanocrystals in SiO 2 . Significant increases in the luminescence intensity and lifetime were found in samples coated with a thin Al layer prior to a standard anneal in molecular hydrogen. This is shown to be consistent with enhanced passivation of the nanocrystals by atomic hydrogen. © 2003 American Institute of Physics. ͓DOI: 10.1063/1.1637130͔
Silicon nanocrystals embedded in SiO 2 exhibit strong room-temperature luminescence, and it is well known that both the luminescence intensity and lifetime can be increased by annealing in molecular hydrogen. [1] [2] [3] [4] [5] [6] [7] This is attributed to hydrogen passivation of competing nonradiative defect centers, such as Si dangling bonds located at the nanocrystal surface. The class of dangling bond defects known as P b centers is thought to be the dominant recombination site, 8 and it has been shown that one such defect is sufficient to quench the visible luminescence of a Si nanocrystal. 9 However, work by Gheorghita et al. revealed two further classes of defects at ͑111͒ Si/SiO 2 interfaces: one that can be passivated with H 2 ͑labeled R͒, and one that cannot. 10 Passivation is usually achieved by thermal annealing of the nanocrystals in forming gas (H 2 /N 2 ), although ion implantation of hydrogen or deuterium with subsequent thermal treatment can be used to similar effect. 1, 3 It is also interesting to note that significant amounts of atomic hydrogen can be generated within an oxide layer if chemically active metals such as Al or Cr are deposited on the surface prior to annealing. 11 For planar Si/SiO 2 interfaces this process is known to provide better interface passivation than H 2 ambient annealing, with dangling bond densities on the order of 10 10 cm Ϫ2 eV Ϫ1 achievable. 12 When Al is used, this process is sometimes known as an alneal. The alneal has not been applied to the passivation of nanocrystals, although it is commonly used in solar cell fabrication to reduce the surface recombination velocity. 13 H is believed to be generated by the reaction of water vapor adsorbed at the SiO 2 surface with the deposited Al. 14 In this study, 400 keV Si ϩ ions were implanted into 1.25 m SiO 2 layers grown on B-doped ͑0.1-0.3 ⍀ cm͒ Czochralski ͑100͒ Si by wet thermal oxidation at 1100°C. The implant fluence was 2ϫ10 17 cm Ϫ2 , corresponding to a peak excess Si concentration of 10 at. % at a mean projected range of 630 nm. 15 Nucleation and growth of nanocrystals was achieved by annealing the implanted samples at 1100°C for 1 h in highpurity ͑99.997%͒ Ar. Molecular hydrogen passivation was achieved by thermal annealing in high-purity ͑99.98%͒ forming gas ͑5% H 2 in N 2 ) for times ranging from 1 min to 16 h. A rapid thermal processor ͑AET Thermal RX͒ was used for annealing times р10 min, with longer anneals performed in a conventional tube furnace. The anneal process consisted of evaporating a 100 nm layer of Al onto the oxide surface prior to a 1 h anneal at 500°C in forming gas. The Al layer was subsequently removed by etching in 90°C H 3 PO 4 ͑85%͒ for 1 min. For consistency, the nonmetallized samples were also subjected to the hot H 3 PO 4 etch after the forming gas anneal. The etch was found to have no effect on the photoluminescence ͑PL͒.
PL measurements were performed at room temperature, using the 488 nm line of an Ar ϩ laser as the excitation source. Emitted light was analyzed using a single-grating monochromator ͑TRIAX-320͒ and detected with a liquidnitrogen-cooled, front-illuminated, open-electrode CCD array ͑EEV CCD30-11͒. All spectra were corrected for system response. Time-resolved PL ͑TRPL͒ measurements were performed by modulating the laser beam with an acousto-optic modulator ͑Brimrose TEM-85-10͒. A room-temperature multialkali photomultiplier ͑Hamamatsu R928͒ was used to detect the light from the exit port of the monochromator with the grating centered at 800 nm ͑bandpass of 40 nm͒. The signal from the photomultiplier was collected using a digital storage oscilloscope. The timing resolution of the system is Ͻ1 s. Figure 1 shows the effect of hydrogen passivation on the nanocrystal PL. There is a significant increase in the PL intensity after annealing in forming gas at 500°C for 1 h. These annealing conditions have previously been shown to be optimal for maximizing the PL intensity. 8 Extending the annealing time to 16 h results in only a small increase in intensity over the 1 h anneal. In contrast, by simply evaporating a layer of Al on the oxide surface before annealing in forming gas, a much greater increase in intensity and lifetime can be achieved.
Despite the significant increase in the level of passivation, Fig. 1 shows that there is no significant redshift relative to that of samples annealed in forming gas. This is in contrast to the initial redshift relative to the unpassivated sample observed for both the forming gas and alneal samples. Such behavior suggests that passivation may involve more than one class of defects. 10 However, further work is required to confirm such a model. TRPL can be used to extract the luminescence rise and decay lifetimes by modulating the excitation source. The nanocrystal luminescence decay is characterized by a stretched exponential shape, given by
͑1͒
where I(t) and I 0 are the intensities as a function of time and at tϭ0, respectively. 16, 17 and ␤ are both wavelength dependent and are, respectively, the lifetime and a dispersion factor whose value is a measure of the interaction strength among Si nanocrystals. Figure 2 shows results from the TRPL measurements. Both and ␤ were found to increase with improved passivation. can be approximated by Ϫ1 ϭ R Ϫ1 ϩ NR Ϫ1 , where R is the nanocrystal radiative lifetime and NR is the nonradiative lifetime. The nonradiative contribution is associated with defects and/or exciton energy migration. Consequently, as defects, which act as fast nonradiative recombination states, are inactivated, NR increases and approaches R . Furthermore, the nanocrystals become more isolated due to the reduction in exciton migration channels. This is consistent with the observed increase in and ␤ as the degree of passivation improves. Figure 3 shows the PL intensity normalized to the unpassivated sample from isothermal annealing sequences at three temperatures in forming gas. Along with this data, is that obtained from the 1 h alneal process. The intensity is taken from the TRPL measurements at 800 nm. This shows that the level of passivation obtainable after a 1 h alneal is not obtainable via annealing in forming gas alone, even after 16 h.
From the enhancements in intensity and lifetime, we can estimate the increase in the number of luminescent nanocrystals. In the low-pump-power regime, the PL intensity of the emitting centers can be approximated by the following expression:
where is the nanocrystal excitation cross section, is the photon flux, R is the radiative lifetime, and n* is the total number of Si nanocrystals that are able to emit. This equation shows that, for constant excitation conditions, a variation in the luminescence yield can only be due to a change in , n*, or both, since R and are independent of defect effects. This allows the extraction of the relative n* from the PL intensity and lifetime. The enhancements in intensity and lifetime at 800 nm from the alneal compared to forming gas alone are factors of 1.6 and 1.2, respectively. Using Eq. ͑2͒, this corresponds to a 30% increase in the number of luminescent nanocrystals over the optimized 1 h forming gas anneal. This enhancement, and the fact that similar levels of passivation cannot be achieved with molecular hydrogen, even after 16 h anneals, implies that a fraction of the nonradiative defects are unable to react with molecular hydrogen. However, electron spin resonance measurements suggest that the structure of the residual defects is the same before and after passivation; only the defect density is affected. 19, 20 The difference in reactivity may therefore simply result from different atomic configurations in the vicinity of the defects, with some defects ''steri- cally protected'' from the H 2 molecule but able to react with the smaller H atom.
In summary, Si nanocrystals in SiO 2 have been hydrogen passivated in forming gas and via a post-metallization anneal ͑alneal͒. The alneal was found to achieve greater levels of Si nanocrystal passivation, resulting in increased PL intensity compared to standard forming gas annealing. These data were shown to be consistent with the presence of at least two different recombination centers at the nanocrystal/SiO 2 interface: one that reacts with molecular hydrogen and one that only reacts with atomic hydrogen. While an extension of this preliminary study is required to fully understand the kinetics of the alneal process, the method clearly allows improved passivation to be achieved with little extra processing over the standard passivation process for Si nanocrystals.
